Abstract NRF2 is a nuclear transcription factor activated in response to oxidative stress and related with metabolizing of xenotoxic materials and ABC transporter mediated drug resistance. We studied the expression of mRNAs under the siRNA-mediated knockdown of NRF2 and tBHQ-treated condition in AsPC-1 metastatic pancreatic cancer cell line to understand the AsPC-1 specific role(s) of NRF2 and further to investigate the relationship between drug resistance and metastatic plasticity and mobility of AsPc1. Here we show that the genes of aldo-keto reductases, cytochrome P450 family, aldehyde dehydrogenase, thioredoxin reductase, ABC transporter and epoxide hydrolase responsible for drug metabolism or oxidative stress concisely responded to NRF2 stabilization and knockdown of NRF2. In addition the expression of PIR, a candidate of oncogene and KISS1, a suppressor of metastasis were affected by NRF2 stabilization and knockdown. Our result provide comprehensive understanding of NRF2 target genes of drug response, oxidative stress response and metastasis in AsPc-1 metastatic pancreatic cancer cell line.
Introduction
Every cell is inevitably exposed to extracellular and intracellular oxidative stress, every moment (Finkel 2011; Ma 2010 ). The nuclear factor erythroid 2-related factor 2 (NRF2 or NFE2L2) is a master transcription factor that activates a battery of genes which have roles in oxidative stress responses, detoxifications, and drug resistances (Bryan et al. 2013; Ma 2013; Mitsuishi et al. 2012; Niture et al. 2014) . NRF2 binds to a DNA element, named antioxidant response element (ARE), in the promoter regions of its target genes to activate transcription of these genes (Nguyen et al. 2003) . The target genes of NRF2 includes (a) antioxidant genes such as NAD(P)H dehydrogenase [quinone] 1 (NQO1), heme oxygenase (decycling) 1 (HMOX1), superoxide dismutase [Cu-Zn] (SOD1), and glutamate-cysteine ligase catalytic subunit (GCLC); (b) detoxification genes including glutathione S-transferase A3 (GSTA3) and thioredoxin reductase 1, cytoplasmic (TXNRD1); (c) and drug resistance genes such as ATPbinding cassette sub-family G member 2 (ABCG2) and ATP-binding cassette, sub-family C (CFTR/MRP), member 5 (ABCC5) (Malhotra et al. 2010; Nguyen et al. 2003) .
Reactive oxygen species (ROS), which are produced by various exogenous or endogenous sources, are double-edge swords. Under tight cellular control, ROS act as important signaling molecules to regulate diverse cellular functions including transcriptional regulation and signal transduction (Corcoran and Cotter 2013; Finkel 2011; Jennings et al. 2013; Ma 2010; Ray et al. 2012) . On the contrary uncontrolled production of ROS causes various human diseases through DNA damage and impaired cellular functions via oxidative stress (Acharya et al. 2010; Caputo et al. 2012; Kakehashi et al. 2013; Kryston et al. 2011; Saeidnia and Abdollahi 2013; Storr et al. 2013) . As an ROS sensor, the level of NRF2 is tightly regulated by a set of proteins through proteasome-dependent proteloysis. The wellknown negative regulator of NRF2 is the Kelch-like erythroid cell-derived protein with CNC homology-associated protein 1 (KEAP1). KEAP1 binds and destabilized NRF2 through ubiquitin-dependent proteasomal degradation under normal reducing condition (Bryan et al. 2013; Mitsuishi et al. 2012; Niture et al. 2014; Storr et al. 2013 ). NRF2 stability is also regulated by the CR6-interacting factor 1 (CRIF1) under both reducing and oxidative stress conditions ) and the glycogen synthase kinase 3b (GSK3b)/b-transducin repeat-containing protein (b-TrCP) axis (Chowdhry et al. 2013; Rada et al. 2011; Rada et al. 2012) . It has been reported that stability of NRF2 is also regulated by competitive protein-protein interaction to inhibit NRF2-KEAP1 binding by various proteins such as p21 (Chen et al. 2009 ), the Wilms tumor gene on X chromosome (WTX) (Camp et al. 2012) , p62 (Komatsu et al. 2010) , the partner and localizer of BRCA2 (PALB2) (Ma et al. 2012) , the dipeptidyl peptidase III (DPP3) (Hast et al. 2013) , and the breast cancer susceptibility gene 1 (BRCA1) (Gorrini et al. 2013) .
NRF2 functions as either a protector against tumorigenesis or oncogene (DeNicola et al. 2011; Kensler and Wakabayashi 2010; Loboda et al. 2008; Muller and Hengstermann 2012) . Stability and activity of NRF2 is important in human diseases, especially in cancers. While NRF2 decreases tumor susceptibility in most carcinogenesis models, constitutive activation of NRF2 may enhance tumor cell proliferation and/or confer drug resistance in lung, pancreatic as well as colorectal cancer cells (Arlt et al. 2013; Bryan et al. 2013; Duong et al. 2014b; Homma et al. 2009; Hong et al. 2010; Lister et al. 2011; Mitsuishi et al. 2012; Niture et al. 2014; Singh et al. 2008; Storr et al. 2013; Yamadori et al. 2012) . Indeed, NRF2 is up-regulated in many types of tumors through somatic mutations that block KEAP1-dependent regulation of NRF2 stability (Mitsuishi et al. 2012; Niture et al. 2014; Storr et al. 2013) . Targeting NRF2 either by RNA interference or by small molecules inhibited tumor growth and increased efficacy of chemotherapy (Singh et al. 2008) or EGF-driven proliferation (Yamadori et al. 2012) in non-small cell lung cancer models and reduced the proliferation and drug-resistance in human lung cancer cells (Homma et al. 2009 ) or human pancreatic cancer cells (Arlt et al. 2013; Duong et al. 2014b; Hong et al. 2010; Lister et al. 2011) . Additionally in primary murine cell models, oncogenes including K-Ras, B-Raf, and Myc increased the transcription of Nrf2 gene to activate antioxidant and detoxification program preferable for oncogenesis (Kang et al. 2014) . Under these conditions, genetic targeting of K-Ras G12D -driven Nrf2 impaired in vivo tumorigenesis (Kang et al. 2014) . Taken together, genome-wide analysis of NRF2-responsive genes in specific cancer types will give insights on the context-dependent roles of NRF2. In this work we delineated NRF2-responsive genes in As-PC1 pancreatic cancer cell lines established from metastatic cancer cell in ascites fluid (Chen et al. 1982) .
Materials and methods

Cell culture and reagents
AsPC-1 cells were obtained from the Korean Cell Line Bank (Seoul, Korea) and maintained in RPMI-1640 media (HyClone, Logan, UT) supplemented with 20 % FBS (Invitrogen, Carlsbad, CA) and 100 U/ml penicillin/streptomycin (Welgene, Daegu, Korea). The cells were cultured in a humidified 5 % CO 2 incubator at 37°C. The cell viability and cell counting were assessed by the Luna Automated Cell Counter (Logos Biosystems, Gyunggi-do, Korea). Tert-butylhydroquinone (tBHQ) was purchased from Sigma (St. Louis, MO) and stored at -20°C dissolved in DMSO with small aliquots. siRNA transfection For NRF2 knockdown, exponentially proliferating cells were transfected with synthesized control siRNA (5 0 -gacgagcggcacgugcacauu-3 0 ) or NRF2 specific siRNA (5 0 -gaguaugagcuggaaaaacuu-3 0 ) , both purchased from Bioneer (Daejeon, Korea) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Cell cycle analysis
Cell cycle analysis was carried out by propidium iodide staining and laser detection of FL2 signal using FACSCalibur (BD Science, Franklin Lakes, NJ), and the data were analyzed by CellQuest Pro software (BD Science). After treatment (72 h for siRNA and 16 h for tBHQ treatment respectively), cells were washed with PBS, fixed 70 % ethanol, and stained with propidium iodide solution (20 lg/ml) containing RNaseA (100 lg/ml) after removal of ethanol.
RNA extraction
Total RNA from AsPC-1 cell lines were prepared with the RNeasy Mini kit (Qiagen, Valencia, CA) according to the with tBHQ (or DMSO) or NRF2 siRNA (or control siRNA). Cells were harvested and whole cell lysates were prepared, electrophoresed and transferred onto PVDF membranes. Immunoblotting was performed with indicated antibodies and Erk-1 was used as loading control manufacturer's protocols. The purity and integrity of RNA sample was evaluated by determining the OD260/230 ratio, 28S/18S ratio, peak pattern and electrophoretic migration patterns on Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Western blot analysis
After 72 h of siRNA treatment or 16 h of tBHQ treatment, AsPC-1 cells were lysed in 10 mM Tris-HCl (pH 7.0), 100 mM NaCl, 1 % triton X-100, 1 mM DTT, 20 lg/ml aprotinin, 2.5 lg/ml leupeptin, and 0.5 mM PMSF. Lysates were resolved on 10 % sodium dodecyl sulfate The cDNA microarray analysis was carried out with fluorescence labeling of cRNA and hybridization using 4 9 44 K Human whole genome microarray (Agilent technologies, Palo Alto, CA) for tBHQ treated cells. For cDNA microarray analysis of NRF2 siRNA treated cell, Ilumina Biochip system (HT-12) was used. For each microarray three RNA samples of independent experiment were used.
Statistical analysis
Data were analyzed by either Student's t test (tBHQ treated sample) or LPE test (siRNA treated sample) (Jain et al. 2003 ) and the results have been expressed p values and mean values.
Results and discussion
The AsPC-1 pancreatic cancer cell line, used in this work had been established from metastatic abdominal ascites fluid cells originated from metastatic pancreatic cancer (Chen et al. 1982) . It contains well known mutations of pancreatic (Deer et al. 2010) . The relative expression level of NRF2 between various pancreatic cancer cell lines including immortalized human pancreatic ductal epithelial cell lines (HPDE) using GEO2R analysis with pre-deposited microarray data (Thu et al. 2014) at NCBI Gene Expression Ominbus (http://www.ncbi.nlm.nih.gov/geo/geo2r/?acc= GSE40099&platform=GPL6480) is presented in supplementary Fig. 1 . NRF2 was reported to be increased in pancreatic cancer cell lines and the nuclear level of NRF2 in AsPC-1 cell line has been reported to be relatively higher than in immortalized pancreatic ductal epithelial cells Lister et al. 2011 ). An antioxidant tBHQ increases the level of NRF2 protein by stabilization and stimulates the expression of oxidative stress metabolizing genes (Hirose et al. 1993; Li et al. 2005) . Prior to cDNA microarray we tested whether tBHQ or NRF2 siRNA treatment can change the cell cycle of AsPC-1 cell line. As shown in Fig. 1a no apparent change in cell cycle distribution was observed along with no accumulation of sub G1 population. Immunoblot analysis also revealed that no apparent change of cell cycle marker proteins including cyclin B1 and cyclin D. The level of NRF2 protein was shown to be increased in tBHQ treated cells and decreased in NRF2 siRNA treated sample (Fig. 1b) .
To identify changed genes upon treatment of 100 lM tBHQ, we used the Agilent 44 k whole genome cDNA array chip. We also used the Ilumina HT-12 whole genome cDNA array chip for NRF2 siRNA mediated gene expression analysis. Three independent RNA samples were used in these experiments. After removal of marginal or absent signal spots, 20,312 positive spots were obtained from tBHQ-treated sample and 16,423 positive spots were obtained from NRF2 siRNA-treated sample. Hierarchical cluster image of NRF2 siRNA treatment samples reveals that the gene expression pattern of three siRNA-treated sample and three control siRNA-treated samples are adequately clustered (Fig. 2a) . Figure 2b shows the hierarchical cluster image of cDNA microarray of tBHQ-treated sample indicating three independent samples share concordant RNA expression pattern.
Further statistic tests after normalization of positive spots provide statistically significant 533 array sets from tBHQtreated samples (supplementary Table 1 ) and 189 array sets from NRF2 siRNA-treated samples (supplementary Table 2 ). Table 1 shows a list of genes which show more than two fold increase of expression (p \ 0.05) after treatment of tBHQ (57 genes). Among them AKR1B10, FCER1G, AKR1B1, AKR1B15, AADAC, GRK5, HDAC9, AKR1C1, CYP4F3, CYP4F2, ALDH3A1, FANCD2, TXNRD1 and SLC7A11 are classified as members of drug response genes or oxidative stress response genes according to gene ontology (Table 1) . The lists of genes decreased by tBHQ treatment are listed in Table 2 . Four genes classified as drug response or oxidative stress response genes were identified: PDE7A, TGM1, CYTH1 and EPS15. The list of top 50 genes which were decreased by NRF2 siRNA treatment are presented in Table 3 . The listing is arbitrary but these genes showed more than 40 % reduction in expression. The siRNA mediated knockdown of NRF2 significantly reduced the expression of oxidative stress or drug response genes including, AKR1B10, ALDH1A1, HGD, TFF1, GPX2, ALDH3A1, PPP1R1B, AKR1C4, ABCB6, ABCC3, NFE2L2, EPHX1, ASGR1, SLC2A5, LGALS1 and MTR (Table 3 ). The expression of NRF2 itself was significantly (p \ 0.001, 50 % reduction) decreased by the treatment of siRNA reflecting the reliable quality control of siRNA treatment. On the contrary to NRF2 siRNA treatment the change of The fold increased/decreased values are mean of three independent samples. Superscripts were assigned to drug response genes (D), oxidative stress response genes (O) and metastasis (M) related genes according to gene ontology. These gene symbols are presented in bold style The fold increased/decreased values are mean of three independent samples. Superscripts were assigned to drug response genes (D), oxidative stress response genes (O) and metastasis (M) related genes according to gene ontology. These gene symbols are presented in bold style The fold changes are mean of three independent samples. Superscripts were assigned to drug response genes (D), oxidative stress response genes (O) and metastasis (M) related genes according to gene ontology. These gene symbols are presented in bold style NRF2 expression by the tBHQ treatment was not significant (data not shown) since tBHQ stabilized NRF2 protein but had no effect on the mRNA level of NRF2. The array results of increased genes under the NRF2 activated status (tBHQ treatment) and decreased genes by the NRF2 siRNA treatment seem to be coincide. We listed top 50 gene records with increased expression upon NRF2 siRNA treatment in Table 4 . Ten genes classified as drug response or oxidative stress response genes were identified as increasing genes in NRF2 siRNA treatment: CD36, ALPP, HLA-B, TGM2, FABP3, CTSH, CYR61, TIMP2, PRNP and NR4A2. We also analyzed metastasis related genes in Tables 1, 2 , 3 and 4.
In the cDNA array data of tBHQ-treated cells and NRF2 siRNA-treated samples, total 18 overlapping genes could be obtained with statistical significance (p \ 0.05) ( Table 5) Loignon et al. 2009; Thimmulappa et al. 2002), and ABCC3 (Adachi et al. 2007 ). Interestingly, we identified three new genes including ALDH3A2, ASPH, and KISS1 as NRF2-responsive genes in this study. To date no study has been reported the relationship of NRF2 with ALDH3A2, ASPH, and KISS1. KISS1 is a protein with 145 amino acid residues and its role is known as an inhibitor of metastasis (Ji et al. 2013) . Overexpression KISS1 inhibits metastatic colony formation in ovarian cancer cell lines (Jiang et al. 2005) . However, the role of KISS1 in pancreatic The fold changes are mean of three independent samples. Superscripts were assigned to drug response genes (D), oxidative stress response genes (O) and metastasis (M) related genes according to gene ontology. These gene symbols are presented in bold style cancers has not yet been elucidated. Previously, a report displayed that NRF2 deficient mice showed higher number of pulmonary metastasis than wild-type mice (Satoh et al. 2010) . ShRNA mediated knockdown of NRF2 also enhanced cellular plasticity and motility in HepG2 cell (Rachakonda et al. 2010) . However, in esophageal squamous cancer cell line NRF2 suppression downregulated the migration and invasion (Shen et al. 2014) . Currently, the potential role of NRF2 in regulation of metastasis is under active investigation. The fold change values are mean of three independent samples. Superscripts were assigned to drug response genes (D), oxidative stress response genes (O) and metastasis (M) related genes according to gene ontology. These gene symbols are presented in bold style
